The distribution of alanine : glyoxylate aminotransferase 1 (AGT) within liver cells has changed many times during mammalian evolution. Depending on the particular species, AGT can be found in mitochondria or peroxisomes, or mitochondria and peroxisomes. In some cases significant cytosolic AGT is also present. In the livers of most rodents, AGT has what is thought to be the more ' ancestral ' distribution (i.e. mitochondrial and peroxisomal). However, AGT is distributed very differently in the guinea pig, being peroxisomal and cytosolic. In this study, we have attempted to determine the molecular basis for the loss of mitochondrial AGT targeting and the apparent inefficiency of peroxisomal targeting of AGT in the guinea pig. Our results show that the former is owing to the evolutionary loss of the
INTRODUCTION
The intermediary metabolic enzyme alanine : glyoxylate aminotransferase 1 (AGT, EC 2;6;1;44) is unusual in that it is targeted to different intracellular locations in different species. In the hepatocytes of some animals, such as humans and rabbits, AGT is exclusively peroxisomal ; in others, such as cats, it is mainly mitochondrial ; in yet others, such as marmosets and rats, AGT is distributed more evenly between both peroxisomes and mitochondria. In some species, such as the guinea pig and frog, significant amounts of AGT are also found in the cytosol as well as in the peroxisomes (in the case of the guinea pig) or mitochondria (in the case of the frog) [1] . The subcellular distribution of AGT appears to have changed radically (i.e. it has lost mitochondrial targeting or acquired peroxisomal targeting) on at least six (probably many more) occasions during the evolution of mammals.
It has been suggested that the organellar distribution of AGT in vertebrates is under the influence of dietary selection pressure [2] . Thus, the tendency is for AGT to be peroxisomal in herbivores, mitochondrial in carnivores and both peroxisomal and mitochondrial in omnivores. The peroxisomal localization of AGT in human liver is presumably a reflection of our herbivorous ancestry rather than current diet. It has also been suggested that the dual distribution of AGT might be related to its putative dual metabolic role of gluconeogenesis (in the mitochondria) and glyoxylate detoxification (in the peroxisomes). For reasons discussed previously, it is likely that the former is the principal role of AGT in carnivores and the latter is its main role in herbivores [1, 2] .
The single AGT gene has been cloned and functionally characterized in the human, marmoset, rabbit, cat and rat [3] [4] [5] [6] [7] [8] [9] .
Abbreviations used : AGT, alanine : glyoxylate aminotransferase 1 ; MTS, mitochondrial targeting sequence ; PTS1, peroxisomal targeting sequence type 1 ; RACE, rapid amplification of cDNA ends ; RAGE, rapid amplification of genomic ends ; RT, reverse transcription (PCR). 1 To whom correspondence should be addressed.
The nucleotide sequence described in this paper has been deposited in the EMBL database under accession number Y10727.
more 5h of two potential transcription and translation initiation sites, resulting in the loss of the ancestral N-terminal mitochondrial targeting sequence from the open reading frame. Guinea pig AGT is targeted to peroxisomes via the peroxisomal targeting sequence type 1 (PTS1) peroxisomal import machinery, even though its C-terminal tripeptide, HRL, deviates from the standard consensus PTS1 motif. Although HRL appears to target AGT to peroxisomes less efficiently than the classical PTS1 SKL, the main reason for the low efficiency of AGT peroxisomal targeting in guinea pig cells (compared with cells from other species) lies not with guinea pig AGT but with some other, as yet undefined, part of the guinea pig peroxisomal import machinery.
Such studies have shown that the archetypal AGT gene has the potential to encode an N-terminal mitochondrial targeting sequence (MTS) and a C-terminal peroxisomal targeting sequence type 1 (PTS1), albeit of a non-standard variety [10] , by the variable use of two transcription and two translation initiation sites [11] . The final intracellular destination of AGT is dependent upon the expression of the MTS rather than the PTS1, the former being functionally dominant over the latter [7] . The MTS has been lost by permanent exclusion from the open reading frame on at least two temporally separated occasions in the human and rabbit ancestral lines due to mutations in the more 5h of the two potential translation initiation codons (ATG ATA in the human, and ATG ACA in the rabbit) [3, 4] . The ability to target AGT to the mitochondria has also been lost in the guinea pig, so that the organellar distribution is exclusively peroxisomal [1, 12] . This is surprising because in other rodents, such as rats, mice, hamsters, ground squirrels and porcupines, AGT is targeted to both peroxisomes and mitochondria [1, [12] [13] [14] [15] [16] . Loss of mitochondrial AGT targeting in the guinea pig ancestral line presumably occurred after the separation of the caviomorph and non-caviomorph rodent branches, making the event temporally distinct from those that led to the loss of mitochondrial targeting in the human and rabbit ancestral lines.
In most species, AGT targeting appears to be efficient, irrespective of which organelle it is targeted to. As a result little, if any, AGT is found in the cytosol of normal hepatocytes. The absence of cytosolic AGT is unlikely to be due to degradation of non-imported AGT, which in humans at least appears to be stable and catalytically active in the cytosol if peroxisomal import is prevented by a genetic defect in the peroxisomal import machinery [17] . However, immuno-electron microscopy studies have suggested that in guinea pig liver significant amounts of immunoreactive AGT are normally cytosolic, possibly implying relatively inefficient peroxisomal import compared with that in other species [1] . Why the distribution of AGT in the guinea pig liver (i.e. peroxisomes and cytosol) should be so different to that in other rodents (i.e. mitochondria and peroxisomes) is currently unknown.
The main aims of the present study were to determine the molecular basis of the loss of mitochondrial targeting and the apparent inefficiency of peroxisomal targeting of guinea pig AGT. The results presented in this paper enable us to draw the following conclusions : (1) guinea pig AGT is not targeted to the mitochondria owing to the combined effects of loss of the first ancestral translation start site (similar to that found in the human and rabbit) and loss of the first ancestral transcription start site (unlike that in the human and rabbit) ; and (2) the apparent inefficiency of guinea pig AGT peroxisomal import (compared with that in other species) results mainly from characteristics of the guinea pig peroxisomal import machinery rather than any intrinsic inability of guinea pig AGT to target efficiently.
EXPERIMENTAL

General molecular biology methods
Unless otherwise indicated, standard methods were used for DNA cloning, sequencing, Southern and Northern blotting, cDNA library screening, reverse transcription (RT), PCR, and RNase protection. Guinea pig liver total RNA was isolated using the QuickPrep Total RNA Extraction kit (Pharmacia Biotech). Guinea pig liver mRNA was isolated from total RNA using the PolyATract mRNA Isolation System (Promega). Guinea pig genomic DNA was extracted from frozen liver using the Nucleon ST DNA Extraction kit (Nucleon Biosciences). Radiolabelled probes were prepared by random priming using the Megaprime DNA labelling system (Amersham Life Science). DNA dideoxy
Table 1 Description of the oligonucleotide primers used in the present study
The underlining indicates the restriction sites used in the present study -P6, Hin dIII ; P7 ; Bam HI ; P12, Bam HI ; the oligo d(T)-and PCR-anchor primers, Cla I (solid underline) and Sal I (broken underline).
Region to which Primer
Sequence primers map* Strand
GACCACGCGTATCGAT G T C G A C * Nucleotide numbering system refers to that used in the guinea pig sequence shown in Figure 5 . † Primers P1, P2, P4 and P7 were originally designed to hybridize with human AGT cDNA [4, 52] . ‡ RSP l pBluescript reverse sequencing primer. § T3 l pBluescript T3 promoter primer.
sequencing was performed using Sequenase Version 2.0 T7 DNA polymerase (Amersham Life Science). Cycle sequencing was carried out with the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction kit (Perkin-Elmer).
cDNA library screening
To produce a homologous AGT probe for library screening, cDNA from guinea pig liver was made by RT of guinea pig liver total RNA using an oligo-dT primer. A 367 bp fragment of AGT cDNA was amplified by PCR using the degenerate primers P1 and P2 which map to highly conserved regions of the AGT gene in other mammalian species (see Table 1 for details of all the primers used in the present study and Figure 1 for a plan of the cloning strategy). This P1\P2 fragment was digested with PstI to give a 75 bp fragment that was cloned into pBluescriptIIKS(j) (Stratagene) to give pCav1. From the latter clone a guinea pig specific primer (P3) was designed and used in combination with the human AGT primer P4 to PCR a 754 bp fragment which was blunt-ended and cloned into the EcoRV site of pBluescript to give pCav4. A guinea pig liver cDNA library, cloned into the EcoRI site of λgt11, was a gift of Dr. Y. Suzuki, Kinki University, Japan. Using Esherichia coli host strain Y1090, 250 000 plaques were screened. Duplicate nylon lifts were prepared and hybridized to the guinea pig AGT probe pCav4 (see Figure 1 and the Results section). Positive plaques were prepared as plate lysates and the bacteriophage DNA extracted and analysed by Southern blotting to confirm the presence of AGT inserts which were then subcloned into the EcoRI site of pBluescript.
Rapid amplification of cDNA ends (RACE)
The 5h RACE reactions were performed using the 5h\3h RACE kit (Boehringer Mannheim) [18] . The kit was used according to the manufacturer's instructions. First strand cDNA synthesis was
Figure 1 Guinea pig cloning strategy (refer to text for details)
The uppermost horizontal line represents the 1739 bp composite guinea pig AGT nucleotide sequence shown in Figure 5 . The triplets corresponding to the first (GTT) and second (ATG) ancestral translation initiation codons are shown, as is the stop codon (TAA). The (j)-strand (P10, P11, P1 and P3) and the (k)-strand PCR primers (P9, P8, P7, P6, P2, P5, P4 and P12) are indicated. The P1/P2 PCR product was never cloned and therefore not named. pCav1 was the cloned Pst 1 fragment of this PCR product. The zigzag line at the 5h end of the library clone pCav5 represents the intron 6 sequence referred to in the text. The dotted lines at the 3h ends of the 5h-RACE (pCav20 and pCav23) and RAGE (pCav25) clones represent the sequence amplified by the first round PCR that was not amplified by the second round semi-nested PCR. The (j)-strand anchor and plasmic primers used to amplify the RACE and RAGE products, respectively, are not shown in this diagram. The RNase-protected fragment of the riboprobe pCav28 is shown as a thicker line.
carried out using guinea pig liver total RNA with cDNA synthesis primer P5 (see Table 1 for a list of all the primers used in the present study). For purification of the cDNA the High Pure PCR Product Purification kit (Boehringer Mannheim) was used according to the manufacturer's instructions. After tailing of the 3h end of the cDNA with dATP, the dA-tailed cDNA was used as template in a PCR amplification reaction using an oligo-dT anchor primer and the guinea pig AGT-specific primer P5. Five per cent of this PCR product was used as template in a second round of PCR amplifications using a pair of nested primers (the PCR-anchor primer and a guinea pig AGT specific primer P6). This gave a product of 403 bp (including primers) which was cloned into the SalI and HindIII sites of pBluescript, to give clone pCav20 (Figure 1) . A second separate 5h RACE reaction was performed. Reverse transcription was carried out using primer P6. The first round PCR amplification of the dA-tailed cDNA used the oligo-dT anchor primer and the P6 primer. A second round of PCR was then carried out on 5 % of the first round product using the PCR anchor primer and the AGTspecific primer P7. This gave a product of 288 bp which was gel purified and cloned into the BamHI and ClaI sites of pBluescript, to give pCav23 ( Figure 1 ).
Rapid amplification of genomic ends (RAGE)
The RAGE technique used was based on that of Mizobuchi and Frohman [19] . Guinea pig liver genomic DNA (5 µg) was digested with restriction enzyme PstI (Boehringer Mannheim), extracted once each with phenol\chloroform (1 : 1) and with chloroform and then precipitated with ethanol. pBluescript (5 µg) was digested with PstI and then dephosphorylated with calf intestinal alkaline phosphatase (Promega). The plasmid DNA was extracted and precipitated as described above. The PstI-digested guinea pig genomic DNA and plasmid DNA were ligated with T4 DNA ligase (Gibco-BRL) at 16 mC overnight in a reaction volume of 100 µl. After heat inactivation of the ligase (65 mC, 15 min), 2 µl of 500 mM EDTA were added and the mixture was stored at 4 mC until use.
PCR amplification was carried out using 1 µl of the ligation mixture as template. The 50 µl PCR reaction contained 25 pmol of Reverse Sequencing Primer (RSP) and 25 pmol of the AGTspecific primer P8. The DNA was heat denatured at 95 mC for 7 min. Subsequently, Taq DNA polymerase (2n5 units ; Gibco-BRL) was added and the DNA was allowed to anneal at 50 mC for 2 min. The DNA strands were extended at 72 mC for 40 min, followed by 30 cycles of amplification (94 mC, 40 s ; 50 mC, 1 min ; 72 mC, 3 min) with a final extension at 72 mC for 15 min. A band of " 450 bp was gel purified and 1 % was subjected to a second round of PCR amplification with a nested plasmid T3 promoter primer and a nested AGT-specific primer (P9) under the same conditions as described above. A 5 µl aliquot of the PCR product was analysed on a 1 % (w\v) agarose gel and the presence of AGT sequence was detected following Southern blotting by hybridization to a guinea-pig-specific AGT probe (pCav23). The final RAGE product (343 bp) was digested with PstI and EcoRV and cloned into pBluescript to give pCav25 ( Figure 1 ).
Ribonuclease protection assay
A genomic clone suitable for RNase protection was obtained by PCR of guinea pig genomic DNA using the primers P10 and P8 (see Table 1 and Figure 1 ). The 358 bp PCR product was bluntend cloned into the EcoRV site of pBluescript to produce pCav28. Following linearization of this clone with HindIII, an antisense riboprobe was generated from the T7 RNA polymerase promoter in the presence of [α-$#P]UTP (600 Ci\mmol). Total RNA (10 µg) prepared from guinea pig liver was hybridized for 16 h at 45 mC with the antisense riboprobe pCav28 (10& c.p.m.). Following RNase digestion, the protected fragments were separated on a 6 % denaturing polyacrylamide sequencing gel.
Cells
Normal human fibroblasts (155BR) and normal guinea pig fibroblasts (JH4 clone 1) were obtained from the European Collection of Animal Cell Cultures (Porton Down, U.K.). The human PTS1(k) fibroblasts (AAL85AD) were obtained from a patient with neonatal adrenoleukodystrophy [20] . Fibroblasts were used in the AGT transfection studies (see below) because endogenous AGT expression in these cells is undetectable.
Mammalian expression plasmids
To express guinea pig AGT in tissue culture cells, pCav26 was recloned into the mammalian expression vector pcDNA3 (Invitrogen). The preparation of the clones encoding normal human AGT and a mutant human AGT construct, in which the Cterminal KKL was replaced by SKL, in the expression plasmid pHYK has been described previously [10] .
Intranuclear microinjection
Cells were grown in a 1 : 1 mixture of Dulbecco's modified Eagle's medium and Ham's F10 supplemented with 10 % foetal calf serum (Gibco-BRL) at 37 mC under 5 % CO # . Twenty-four hours before micro-injection the cells were seeded at 50 % confluence onto 13 mm diameter glass microscope coverslips. Expression plasmids were injected into the nuclei of at least 200 cells at a concentration of 200 µg\ml in reverse phosphate-buffered saline (4 mM Na # HPO % , 1 mM KH # PO % , 140 mM KCl, pH 7n3), using an Eppendorf microinjector. Following injection the cells were incubated at 37 mC for 18-24 h and processed for indirect immunofluorescence microscopy [7] .
Immunofluorescence microscopy
The cells were washed in PBS (0n8 % NaCl, 0n02 % KCl, 0n11 % Na # HPO % , 0n02 % KH # PO % , pH 7n2) and fixed in freshly prepared 3 % (w\v) paraformaldehyde for 15 min at room temperature, followed by permeabilization with 1 % Triton X-100 for 15 min at room temperature [7] . The cells were then processed for double-label indirect immunofluorescence using various combinations of the following polyclonal antibodies : rabbit antihuman AGT, rabbit anti-human catalase, rabbit anti-SKL peptide [21] and guinea pig anti-human AGT. Exogenous AGT, endogenous catalase and endogenous SKL-containing polypeptides (the latter two acting as peroxisomal markers) were visualized with fluorescein isothiocyanate-conjugated goat anti-(rabbit IgG) (Sigma) or biotinylated goat anti-(guinea pig IgG) (Vector Laboratories) followed by avidin-labelled Texas Red (Vector Laboratories). All incubations were performed at room temperature for 15 min in PBS containing 3 % BSA. The cells were washed extensively in PBS after each incubation. The cover slips were mounted on to glass slides using Mowiol (Harlow Chemical Co. Ltd.) containing diazabicyclo[2.2.2]octane (DABCO, Sigma). The fluorescent staining pattern was visualized in a Bio-Rad MRC1000 confocal laser-scanning microscope and the images were recorded on Kodak TMAX100 ASA B\W film.
Subcellular fractionation
Guinea pig liver (4 g) was minced and then homogenized in a Potter-Elvehjem apparatus to give a 20 % (w\v) homogenate in ice-cold 250 mM sucrose (containing 1 mM EDTA, 5 mM Mops, pH 7n4). The nuclei and cell debris were removed by centrifugation at 600 g for 10 min (H2000B rotor, Sorvall RC3Cj centrifuge). A sample (4 ml) of the postnuclear supernatant was layered on to a sucrose gradient (1n05-1n30 g\ml) and fractionated by isopycnic centrifugation at 72 400 g for 60 min at 4 mC (Sorvall TV860 rotor, Beckman L70 Ultracentrifuge). Of the remaining postnuclear supernatant, 10 ml were centrifuged at 31 000 g for 30 min at 4 mC (JA-25.50 rotor, Beckman Avanti J-25 centrifuge). The pellet was resuspended in 20 ml of ice-cold 250 mM sucrose (containing 1 mM EDTA, 5 mM Mops, pH 7n4) and 4 ml layered onto a Nycodenz gradient (1n03-1n24 g\ml) and centrifuged at 82 300 g for 70 min at 4 mC (Sorvall TV860 rotor, Beckman L70 Ultracentrifuge). Sixteen fractions of " 2 ml were collected from the bottom of both sucrose and Nycodenz gradients and were assayed for a variety of marker enzymes.
Enzyme assays and immunoblotting
The catalytic activities of AGT (EC 2;6;1;44) [22] , -amino acid oxidase (DAO, EC 1;4;3;3) [22] , catalase (CAT, EC 1;11;1;60) [22] , glutamate dehydrogenase (GDH, EC 1;4;1;2) [23] , urate oxidase (UO, EC 1;7;3;3) [24] and lactate dehydrogenase (LDH, EC 1;1;2;3) [25] were assayed as described previously. Immunoreactive AGT and catalase in the gradient fractions were determined by SDS\PAGE on 12 % gels followed by immunoblotting using polyclonal rabbit anti-(human AGT IgG) and catalase antisera [1] .
RESULTS
AGT in guinea pig liver is both peroxisomal and cytosolic
To quantify the subcellular distribution of AGT catalytic activity and AGT immunoreactive protein, especially the proportion in the cytosol, guinea pig liver was fractionated by isopycnic sucrose ( Figure 2 ) and Nycodenz ( Figure 3 ) density gradient centrifugation. The results showed that both AGT catalytic activity and immunoreactivity are distributed between the organelle and cytosolic compartments. Although it was not possible to clearly separate guinea pig liver peroxisomes and mitochondria on sucrose gradients, previous immuno-electron microscopic studies have shown that organellar AGT is entirely peroxisomal [1] . In the sucrose gradient, about 39 % of AGT catalytic activity was located in the top three fractions, which also contained 94 % of the cytosolic marker enzyme lactate dehydrogenase. Notwithstanding the possibility of differential enzyme leakage from otherwise intact peroxisomes, this soluble AGT was unlikely to have been released due to bulk rupture of the peroxisomal membrane, as the activities of two other peroxisomal enzymes, uricase and -amino acid oxidase, at the top of the gradient were low (1 and 9 %, respectively) ( Figure 2 ). It has been known for some time that catalase is largely cytosolic in guinea pig liver [26] [27] [28] , a finding that was confirmed in the present study by the observation that 89 % of the catalase was located in the top three fractions (Figure 2 ). The distributions of AGT catalytic activity and immunoreactivity were similar, indicating that most of the cytosolic AGT activity measured was unlikely to be due to interference from other aminotransferases, such as glutamate : glyoxylate\alanine : 2-oxoglutarate aminotransferase [29] . A much better separation between peroxisomes and mitochondria was achieved in the Nycodenz gradient (Figure 3 ). The distribution of AGT catalytic activity and immunoreactivity was bimodal and paralleled the distribution of the peroxisomal marker catalase. As less than 2 % of the cytoplasmic lactate dehydrogenase activity contaminated the organellar pellet loaded onto the Nycodenz gradient, it is unlikely that the low density AGT and catalase at the top of the gradient result from cytosolic contamination. It is more likely that the bimodal distribution is a reflection of the physical heterogeneity of the peroxisomal population or peroxisomal damage during the re-suspension of the organelle pellet. Although the presence of some AGT in the mitochondria cannot be absolutely excluded from these results, it is clear that the great majority of the organellar AGT is peroxisomal. This conclusion is supported not only by previous immuno-electron microscopic data but also by subsequent molecular and immunofluorescence studies (see below). As suggested from previous studies, the proportion of AGT that is cytosolic in guinea pig liver is considerably greater than that found previously in other species [1] . For example, in human liver less than 10 % of the AGT catalytic activity and almost none of the AGT immunoreactivity were found in the ' cytosolic ' fractions of sucrose gradients [30, 31] , a finding that agrees with the near absence of cytosolic immunoreactive AGT as determined by immuno-electron microscopy [32] . The small proportion of AGT catalytic activity in the ' cytosol ' of human liver can be attributed to cross-over from another enzyme, glutamate : glyoxylate aminotransferase [29] . Although a previous study [12] has also demonstrated similar amounts (32 %) of AGT in the ' soluble fraction ' of guinea pig liver, the distribution of immunoreactive AGT was not determined. Also using the same technique, the same authors showed that 30-35 % of AGT in human liver was also in the soluble fraction [33] , a result that is clearly at variance with other studies on the distribution of immunoreactive AGT in the human.
Guinea pig AGT is encoded by a single gene
Southern blotting of EcoRI-, HindIII-or XbaI-digested guinea pig genomic DNA, using pCav4 as a probe, yielded single hybridizing bands varying between " 12 and " 18 kb (Figure 4 ). This is compatible with the presence of only a single AGT gene, as has been found in all the other species examined to date. Therefore, both the peroxisomal and cytosolic isoforms of AGT (comprising " 61 and " 39 % of the total cellular AGT respectively) must be derived from the same gene.
Cloning of the guinea pig AGT gene
To determine the molecular basis for the unusual distribution of guinea pig AGT, cDNA and genomic clones were isolated, sequenced and functionally analysed. The homologous AGT cDNA probe pCav4 was used to screen a guinea pig liver cDNA library in λgt11 (see the Experimental section). A number of clones were isolated, the longest being 1105 bp which was cloned into the EcoRI site of pBluescript to give pCav5. By analogy with the nucleotide sequences of human AGT, pCav5 was shown to consist of part of intron 6, all of exons 7-11 and the 3h-UTR, including the poly(A) + signal and poly(A) + tail. None of the other clones isolated extended more 5h than the original PCRgenerated clone pCav1 (Figure 1) .
To acquire more 5h sequence, the strategy of 5h-RACE was adopted (see the Experimental section). The first clone generated (pCav20) using the semi-nested (k)-primers P5 and P6 did not include either of the two ancestral potential translation start sites (see the Introduction). Therefore, further 5h-RACE was attempted using more proximal (k)-strand primers (P6 and P7). The resulting product (pCav23) extended the known 5h sequence to include the second, but not the first, of the two ancestral translation start sites (Figure 1) . Further attempts at 5h-RACE failed to yield any more 5h sequence.
Because it was important to obtain sequence that included that equivalent to the first ancestral translation initiation site and because it was possible that this sequence was not represented in
Figure 5 The guinea pig AGT nucleotide sequence and predicted amino acid sequence
The sequence shown is a composite of that obtained from cDNA (generated by RT-PCR, library screening and RACE) and genomic (generated by RAGE) clones. The 5h extremities of the cDNA/mRNA, as suggested by RACE and RNase protection, are indicated by and I, respectively. The putative poly(A) signal is indicated by single underlining. The first and second ancestral translation start sites are indicated by double underlining (note that the first site is lost in the guinea pig). This sequence has been deposited in the EMBL database under accession number Y10727.
the pool of guinea pig liver AGT transcripts, we isolated a guinea pig AGT genomic clone using RAGE (see the Experimental section). The resulting clone (pCav25) generated by the seminested (k)-strand primers P8 and P9 contained sequence equivalent to both of the ancestral potential translation initiation sites (Figure 1) .
To check that the various cDNA clones (i.e. pCav1, pCav4, pCav5, pCav20 and pCav23) could actually be derived from the same transcript, guinea pig liver total RNA was amplified by
Figure 6 Comparison of the predicted guinea pig AGT amino acid sequence with those of other species
The sequence of guinea pig AGT (gpig) is compared with that of rat, rabbit (rab), cat, marmoset (marm) and human (hum) AGTs. Residues identical to the guinea pig sequence are indicated by dots. The numbering starts at the initiating Met in the guinea pig protein, so that the MTS, when present, is represented by amino acids k22 to k1. The 58 amino acids underlined indicate the highly conserved regions referred to in the text. The asterisk indicates the putative pyridoxal phosphate binding site at K209.
RT-PCR using the guinea pig specific primers P11, which mapped close to the 5h extremity of the most 5h cDNA clone (pCav23), and P12, which mapped to the putative 3h-UTR. A product of expected size (1338 bp) was obtained, which was gel purified, blunt-ended, digested with BamHI and then cloned into EcoRV\ BamHI-digested pBluescript to give pCav26 (Figure 1 ). Figure 5 shows the composite guinea pig AGT nucleotide sequence constructed from the various overlapping genomic and cDNA clones. The fifth ATG triplet (nucleotides 321-323) is predicted to be the translation initiation codon, the four upstream ATGs all being followed closely by stop codons. In addition, the nucleotide sequence around the fifth ATG, but not the others, fits the consensus sequence for optimum translation efficiency [34, 35] . The ability of translation to initiate at this site was
The guinea pig AGT gene has lost the ancestral 5h translation initiation site
Figure 7 Percentage amino acid sequence identity between AGTs of different species
The percentage identity is based on the sequence alignment in Figure 6 . Amino acids 1 to 392 contain the predicted polypeptide sequence following translation initiation from the second ancestral site (i.e. the total polypeptide in the guinea pig, rabbit and human, the peroxisomal form of AGT in the rat and marmoset and the mature, processed, form of mitochondrial AGT in the rat, marmoset and cat). Amino acids k21 to k1 contain the leader sequence of premitochondrial AGT in the rat, marmoset and cat (ignoring the N-terminal Met), and the equivalent theoretical sequence in the guinea pig, rabbit and human if it had been contained within the open reading frame. The overall identity for all six species is 14 % (for residues k21 to k1) and 61 % (for residues 1 to 392).
Figure 8 Northern blotting of guinea pig RNA
Total guinea pig RNA was electrophoresed on an agarose gel and probed initially with the cDNA clone pCav4, then stripped and re-probed with a clone derived from the intron 6 portion of the library clone pCav5. The positions of the size markers are shown in kb. Northern blotting of guinea pig polyA( + ) RNA (probed with pCav4) gave an identical result to that found with total RNA (results not shown).
confirmed by in itro transcription\translation of pCav26, which yielded a product of expected size (" 43 kDa) (results not shown).
Thus, the open reading frame encodes a polypeptide of 392 amino acids, a size that is the same as that found for peroxisomal AGT in all other species. The amino acid sequence shows considerable similarity (76-79 % identical) with that of AGT from other species (Figures 6 and 7) . Surprisingly, the sequence is least like that of its nearest relative, the rat. An internal region of " 58 amino acids, previously noted to be highly conserved [4, 5] , is also well conserved in guinea pig AGT, as is the putative pyridoxal phosphate binding site [9] (see Figure 6 ). The C-
Figure 9 RNase protection
Total RNA from guinea pig liver was hybridized with the riboprobe pCav28. The RNase-protected fragments were run out on a denaturing agarose gel. The control lanes show the absence of any protected fragments when total RNA was replaced by tRNA, and the probe-sized fragment of 434 bp when the probe was run undigested on the gel.
terminal tripeptide of guinea pig AGT is HRL, which like all other AGTs studied so far (KKL in human and marmoset, NKL in rat and cat, and SQL in rabbit) [3] [4] [5] 9] has only a two out of three match with the consensus PTS1 motif [36, 37] .
Unlike AGT in the marmoset, rat and cat, but like AGT in the human and rabbit, guinea pig AGT does not contain the ancestral MTS within the open reading frame. This is owing to the loss of the first ancestral translation start site, the equivalent codon (nts 255-257) being GTT instead of ATG.
The guinea pig AGT gene has lost the ancestral 5h transcription initiation site
Northern blotting of RNA isolated from guinea pig liver, using pCav4 as a probe, demonstrated the presence of a single major transcript of " 1n6 kb (Figure 8) . A faint hybridizing band of " 2n5 kb was detected, estimated by phosphoimaging analysis to comprise " 5 % of the total. Interestingly, this band, but not the 1n6 kb band, also hybridized to an intron 6 probe (derived from the cDNA library clone pCav5), and therefore might represent a minor splicing variant. The functional significance of this minor transcript is not clear as an equivalent polypeptide has never been encountered. It is possible, therefore, that pCav5 might represent a partial cDNA clone of the 2n5 kb transcript prematurely truncated following RT stalling during the creation of the library.
Results from the 5h-RACE (see above) indicated that cDNA could be amplified with a 5h extremity that mapped to nucleotide 279, between the two ancestral translation start sites (refer to Figure 1 ). To determine whether any transcripts initiated upstream of the more 5h of these sites, RNase protection analysis was carried out (Figure 9 ). One major protected fragment of " 133 bp was identified which corresponded to a 5h extremity mapping to nucleotide 297 (refer to Figure 1 ). This is 18 bases further downstream of the most 5h nt in the RACE clone pCav23, but still between the two ancestral translation initiation sites. Two minor fragments of " 100 bp and " 139 bp were also detected, corresponding to 5h termini which map to nucleotides 330 and 291. No protected fragments were identified larger than 175 bp, which would have been expected if any transcripts initiated upstream of the more 5h ancestral translation start site. The combined data from these experiments suggest that the vast majority of transcripts initiate within an 18 bp region that maps between the two ancestral translation initiation codons, suggesting that the more 5h of the two ancestral transcription start sites has been lost in addition to the more 5h ancestral translation start site. Either of these events on their own could explain the exclusion of the ancestral MTS from the open reading frame and the failure of AGT to be targeted to the mitochondria in the guinea pig [7] .
Guinea pig AGT is targeted efficiently to peroxisomes in human cells via the PTS1 import machinery
Expression of guinea pig AGT in normal human fibroblasts following intranuclear microinjection of cDNA (pCav26 recloned into pcDNA3) showed that it was localized in punctate structures that co-localized with catalase (i.e. peroxisomes) [21] (Figures  10A-10D) . Partly owing to the variable levels of expression of the transfected cDNA and partly owing to variations between Table 2 AGT distribution in populations of transfected fibroblasts AGT : GP, normal guinea pig AGT (ending in HRL) ; Hum, normal human AGT (ending in KKL) ; Hum-SKL, human AGT in which the C-terminal KKL is replaced by SKL. Cells : GP, guinea pig fibroblasts ; Hum, normal human fibroblasts. Distribution (%) : percentage of cells expressing AGT in which the distribution, as judged subjectively by immunofluorescence, is entirely peroxisomal (P), entirely cytosolic (C) or both peroxisomal and cytosolic (PjC different cells with respect to numbers of peroxisomes etc., the degree of diffuse (cytosolic) labelling was variable. Analysis of 122 cells in three different experiments showed that in about half of the cells the distribution was entirely punctate (peroxisomal) and in about half it was both punctate and diffuse (peroxisomal and cytosolic) ( Table 2 ). The distribution of guinea pig AGT in human cells was very similar to the distribution of normal human AGT ( Table 2) . Expression of guinea pig AGT in human fibroblasts obtained from a patient with neonatal adrenoleukodystrophy, in which there had previously been shown to be a selective deficiency in the import of PTS1-containing peroxisomal proteins due to a mutation in the PTS1 import receptor Pex5p [20, 38] , gave a distribution that was entirely diffuse (i.e. cytosolic) (Figures 10E  and 10F ). This indicates that guinea pig AGT is imported into peroxisomes via the PTS1 import machinery and, as a corollary to this, that its C-terminal HRL is likely to be a PTS1, albeit of a non-standard variety, as suggested for AGT in other species [10] .
The inefficient peroxisomal targeting of AGT in the guinea pig is a characteristic of guinea pig cells rather than guinea pig AGT
Expression of guinea pig AGT in guinea pig fibroblasts was rather different from its expression in human fibroblasts. Although the AGT was also clearly targeted to peroxisomes in the guinea pig cells, significantly more remained diffusely distributed in the cytosol (Figures 11A and 11B) . Analysis of 293 transfected cells in four different experiments showed that a much greater proportion (78 %) localized AGT in both peroxisomes and cytosol than was the case in the human cells (Table 2 ). This apparently less efficient peroxisomal targeting in guinea pig cells was not restricted to guinea pig AGT, as the number of cells with partly diffuse labelling was even greater (96 %) when the cells were transfected with human AGT (Figures 11C and 11D and Table 2 ). Although no specific analysis was carried out, there was no obvious difference between the number of peroxisomes in the guinea pig and normal human fibroblasts used.
The efficiency of peroxisomal targeting of human AGT in guinea pig and human cells is improved by the addition of the consensus PTS1 SKL
To determine whether the apparent lower efficiency of AGT (both guinea pig and human) targeting in the guinea pig cells (compared with the human cells) was related to the presence of a non-standard PTS1, guinea pig and human cells were transfected with human AGT in which the C-terminal KKL was replaced by SKL ( Figures 11E and 11F ). The efficiency with which this construct was imported into peroxisomes of both guinea pig and human cells was markedly increased compared with that found for normal human AGT (Table 2) . However, even with the more efficiently targeted human AGT-SKL construct, the proportion of cells with exclusively peroxisomal labelling was greater with human cells than guinea pig cells, although the difference was somewhat less noticeable than with the naturally occurring AGTs (Table 2) .
DISCUSSION
Frequent evolutionary loss of ancestral transcription and/or translation start sites accounts for the variable intracellular compartmentalization of AGT in mammals
The unparalleled variability in the intracellular targeting of AGT during the evolution of mammals has been the subject of investigation, both at the phenomenological and mechanistic levels (see the Introduction). Previous studies on the human, marmoset, rabbit, cat and rat have shown that the intracellular distribution of AGT in these species is dependent upon the presence or absence of an N-terminal MTS in the open reading frame. The unusual structure of the archetypal AGT gene with two in-frame potential translation start sites 66 bp apart, and two potential transcription start sites, one upstream of both translation start sites and one in between, allows alternative transcription or translation initiation at these sites to determine the intracellular distribution of AGT [11] . A surprising feature of this process is how frequently mutations appear to have occurred during the evolution of mammals, which have led to the loss of one or more of these sites.
Based mainly on morphological criteria, the guinea pig has been traditionally classified as a rodent. However, this classification has been challenged on molecular grounds [39, 40] . Following the suggestion by Graur et al. [39] that the family Caviomorpha (which includes the guinea pig) should be removed from the order Rodentia and elevated to ordinal status in its own right, the phylogenetic relationship between guinea pigs and other rodents (rats, mice, etc.) has been hotly disputed. Different laboratories, using the same or similar molecular analyses, have come out both for and against the classification of guinea pigs as rodents. Although a consensus has yet to be reached, strong arguments have been advanced recently for upholding the traditional classification of guinea pigs as rodents [41, 42] .
Nevertheless, a variety of sequence and functional analyses have shown there to be significant differences between many guinea pig and rat proteins, including AGT. Even in the absence of any sequence data, the differences between guinea pig and rat AGT were drawn to attention by Noguchi et al. [43] . Thus immunoreactivity, substrate specificity, tissue distribution and, most remarkably, subcellular distribution of AGT are very different in the two species.
On the assumption that Caviomorpha are correctly classified within Rodentia, the ability to target AGT to the mitochondria must have been lost in the guinea pig ancestral line after its divergence from the rat ancestral line. Logic demands that this loss must have been temporally distinct from the similar events that also occurred in the rabbit and human ancestral lines. In the present state of our knowledge, it is not possible to determine whether the initial mutational event leading to loss of mitochondrial targeting in the guinea pig was the loss of the more 5h transcription start site or the more 5h translation start site. Both
Figure 11 Immunofluorescence analysis of the distribution of guinea pig AGT and normal and mutant human AGT constructs in transfected guinea pig fibroblasts
Guinea pig fibroblasts were micro-injected with cDNA encoding normal guinea pig AGT (A, B) , normal human AGT (C, D) and mutant human AGT in which the C-terminal KKL was replaced by SKL (E, F). Cells were double-labelled for AGT (A, C, E) and SKL-containing polypeptides (B, D) or catalase (F). The inserts show parts of the main photographs magnified by a linear factor of " 2n1, to show better the co-localization of AGT with the peroxisomal markers. This is especially necessary for A and C where the significant cytosolic immunofluorescence masks the rather weak peroxisomal labelling at the low magnifications. Bar l 10 µm (all the main panels are magnified to the same extent, as are all the inserts).
would have resulted in the exclusion of the ancestral MTS from the open reading frame. In the human and rabbit ancestral lines, it is probable that the losses of the 5h translation start site was the key event, the losses of the more 3h transcription start sites being secondary events. Nevertheless it is remarkable that mutations to the same (translation initiation) codon that have the potential to lead to major alterations in the behaviour and functions of the resulting gene product have occurred on at least three separate occasions during the evolution of mammals.
Although the absence of transcription initiation from the more 5h site would not be expected to have any significance with respect to the subcellular distribution of guinea pig AGT, owing to the loss of the ancestral 5h translation start and consequential permanent exclusion of the MTS from the open reading frame, it could be of importance with respect to the control of AGT expression, especially the influence of dietary fluctuations. For example, AGT expression in rat liver is variously regulated by gluconeogenic stimuli (glucagon or high protein diet), insulin and glucocorticosteroids [44, 45] . Glucagon and insulin induction of AGT results from increased expression from the more 5h, not the more 3h, transcription start site [44] [45] [46] . The resulting ' long ' transcript contains the MTS in the open reading frame so that all the induced AGT is localized to the mitochondria. The rat AGT gene contains numerous upstream regulatory elements, including a cAMP response element and a negative glucocorticoid response element [47] . Why these cis elements should control transcription initiation from the more 5h site and not the more 3h site is not understood. Whether the guinea pig AGT gene possesses such upstream elements is currently unknown, but unlike all other rodents, such as rats, mice, hamsters and chipmunks, AGT expression in guinea pig liver is not induced by glucagon [48] .
Inefficient targeting of some peroxisomal proteins in the guinea pig might indicate discrimination of the guinea pig peroxisomal import machinery against non-standard PTS1s
All AGTs so far studied possess C-terminal PTS1s that have only a two out of three match with the minimal consensus PTS1 tripeptide motif of S\A\C-K\R\H-L\M [36, 37] . For example, the C-terminus of AGT is KKL in humans and marmosets [3, 4] , SQL in rabbits [4] , NKL in cats and rats [5, 9] and HRL in guinea pigs (present study). These non-standard PTS1s are necessary for the correct targeting of AGT but are insufficient to target reporter proteins, such as firefly luciferase, chloramphenicol acetyltransferase and green fluorescent protein, to peroxisomes [10] (P. B. Oatey and C. J. Danpure, unpublished work). The apparent context specificity of these non-standard PTS1s is contrasted by their greater degeneracy. For example, human AGT can be targeted to peroxisomes by the non-consensus tripeptides KKL, SQL, NKL and SSL, as well as the consensus tripeptide SKL [10] . The C-terminal tripeptide of guinea pig AGT (i.e. HRL), which has not been found before in any other peroxisomal protein, extends this degeneracy even further.
Various attempts have been made to measure, albeit subjectively, the efficiency of peroxisomal targeting sequences in transfected cells (for example see [37] ). However, the cellular and molecular determinants of peroxisomal import efficiency have remained elusive. Assessment of the intrinsic efficiency of peroxisomal protein import in whole cells is hampered because the observable phenomenon (i.e. the relative distribution between the peroxisomes and cytosol) is the net result of several processes, including the possible degradation of non-imported protein in the cytosol. However, there is no evidence to suggest that the peroxisomal proteins described in the present study are unstable in the cytosol. For example, the total cell activities of many peroxisomal enzymes, including catalase, -amino acid oxidase and AGT, are not reduced when peroxisomal import is inhibited due to genetic defects in the peroxisomal import machinery [17] .
Although the molecular basis of the inefficient peroxisomal targeting of guinea pig AGT in guinea pig cells has yet to be fully elucidated, the data presented in this paper suggest that it might be due to the combined effects of an intrinsically weak (nonstandard) PTS1 and a peroxisomal import machinery that cannot handle efficiently such a PTS1. This, albeit tentative, conclusion is drawn from the following observations : (1) significantly more AGT is cytosolic in guinea pig liver than in human liver, (2) all AGT constructs target less efficiently to peroxisomes in transfected guinea pig fibroblasts than in transfected human fibroblasts, (3) the peroxisomal targeting efficiency of guinea pig AGT is no worse than that of normal human AGT in either cell type and (4) the targeting efficiency of human AGT increases significantly when its non-standard C-terminal tripeptide KKL is replaced by the standard tripeptide SKL, the increase being more obvious in guinea pig cells than in human cells.
Although AGT is only the second guinea pig PTS1-containing peroxisomal protein to have its sequence determined (the other being a bifunctional protein which ends in SKL [49] ), it is conceivable that the putative lower efficiency of peroxisomal protein targeting in the guinea pig is at least partly restricted to proteins possessing non-standard PTS1s. In a variety of other mammalian species catalase has been shown to possess a highly conserved non-standard C-terminal tripeptide (i.e. ANL in both humans and rats), and both -amino acid oxidase and uricase have been shown to possess equally highly conserved standard PTS1s (i.e. SHL in human, mouse, rabbit and pig -amino acid oxidase, and SRL in baboon, mouse, pig, rabbit and rat uricase) (see [50] for a list of peroxisomal protein C-termini). Endogenous catalase is very inefficiently targeted to peroxisomes in guinea pig liver cells (even more so than AGT) (present study and [26] [27] [28] ), whereas -amino acid oxidase and uricase appear to target efficiently (present study). Whether the targeting efficiency of a protein like catalase would improve if its C-terminal tripeptide was replaced by SKL remains to be seen.
The working definition of a ' non-standard ' PTS1 is more a functional one than a molecular one. It is a C-terminal tripeptide based on, but not conforming to, the SKL motif that is necessary, but not sufficient, for peroxisomal import. Non-standard PTS1s appear to be both context specific and degenerate. But the molecular basis for either of these characteristics is unknown. Presumably, such non-standard PTS1 proteins must contain extra targeting information, which might simply be an extra amino acid adjacent to the C-terminal tripeptide, as shown for catalase [51] , or more complex sequences\structures next to or remote from the C-terminus, as suggested for AGT [10] . This extra targeting information could directly or indirectly affect the binding of the C-terminal component of the PTS1 to the tetratricopeptide repeat domain of the import receptor Pex5p or some other downstream component of the peroxisomal import pathway.
Non-standard PTS1s, such as those described in this paper, are being identified with increasing frequency in peroxisomal proteins. Molecular analysis of a peroxisomal import system, such as that in the guinea pig cells, that appears to discriminate to a much greater extent than that in human cells between standard and non-standard PTS1 proteins might provide insights into the perplexing characteristics, such as lower targeting efficiency, context specificity and degeneracy, possibly generally associated with non-standard sequences.
